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I. IN [’RODUCTLO N

The soft X-ray spectrum of the solar corona is dom in ated by th e

er i t i s s ion  l ines of hi gh stages of ionization of iron oaring flares. in large

fH rvs, th e density of lines from the 2p—3d and 2p—3s transitions in the ~otr ~

ic \ VII through Fe X \ I V  has made it diffi cult to identify ind ivid ual

transitions in presently available flare X—ray spectra (1)oschek , 1975).  In

add it ion  to flare spectra, the X—ray spect ra of hot act ive regions also

display bright emission lines from ~lie 2p-3d and 2p—3s transitions in F e XVII

and Fe \VIll. I)etailed observations (Neupert, Swartz, and Kas tni er  1973,

Walker, R n Weiss 1974a , Parkinson 1975, Iluteheon , Pyc , ari d EViIIe.

I 971i) or - u le rgue and Nussbaumer 1973, 1 9~ ~~ , ~\ alker, Riigge ,

and W 4n) of Fe XVII X—radiation from active regions have been

carried out. h owever , no comprehensive and accurat’ observations of

similar radiation from Fe XVIII are yet available. In the present paper we

analyze a num ber of high resolution solar X-ray spectra taken f o e  the

OV1—17 satellite , including several taken after a moderate (class 1 13) f l : r r ’ ,

in wh ich we have been able to identify all of the principal Fe XVIII 2p-3d

and 2~ -3s transitions previously seen only in laboratory plasmas. The l i n e

identifications have been carried out using recent anaIyt~es of h igh

resolution spark-excited laboratory X—ray spectra of Fe XVIII m d  have

resu lted in the c lar i f ic at ion  of the identi ty of several lines previously

observed iii the spectra of flares and hot active regions.

Theoretical models of the excitation of the spectrum of neon—like

I c  \ V i i  ( I ~ou I ergue a nd Nussbaumcr  19 7 3, 1975) hav e resul ted in good

agr !~emcI1 t between the predicted and observed relative intens i ties of the

-- 
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2p-3d and 2p-3s transition arrays. Unfortunately, theoretical collision

strengths for the more comp licated fluorine-like isoelectronic sequence

have not yet been calculated and , consequently, it has not been possible to

calculate the relative intensities of the principal lines of the 2p-3d and 2p-

3s t rans iti on arrays for Fe XVI I I. Neither has it been possible to properly

include the spectra of this ion in theoretical models of X-ray emitting

astrophysical plasmas. In the present paper we present the first

comprehensive and accurate evaluation of the relative intensities of all of

the important 2p-3d and 2p-3s transitions in Fe XVIII under coronal

conditions and use these intensities to calculate the relative effective

collision strengths for these Fe XVIII transitions. In addition , we compare

the relative contr ibution of Fe XVI I and Fe XV III X-ray intensities from the

solar corona for a variety of plasma conditions.

Sect ion II of this paper briefly descr ibes the satellite experiment and

the X-ray data. Section UI discusses the observation of the Fe X VII I

spectra , the Fe ~‘VlII 2p-3d and 2p-3s wavelengths measured by the OV1-.17

instrument and a comparison of these wavelengths with laboratory

measuremen ts of hot plasmas. Section IV concerns itself with the relative

in t e n s i t ies of the strongest Fe XVIII lines and the determination of the

rehitive effect ive collision strengths for these transitions. Section V

br i e f l y  assesses the i m portance of Fe XVIII X—ray intensities compared to

those of Fe X V I I , the source of the strongest coronal X-ray lines from

act ive regions. Finally, Sect ion VI presents a s u m m a ry  of the paper and its

pr incipal conclusions.
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II. TI-I L t ) V l — 1 7  SATE LL IT E X—RAY l )A 1 \

The data presented in this paper were obtained w i t h  an un c ol l i rn i - i t e 1

Bragg crystal spectrometer exper iment  f lown or . the O V I — 1 7  s a t e l l i t e  ~ t m e h

has been previously described (Walker and Ru g~ c 19 70) . The ex ; ) e r ! ine r i l .

consisted of ~ solar po inter conta ining 3 scanning Bragg cry stal spectro-

meter s  ( K A P , E D I Y t , tA F  crystals) whic h  covered the 1.5 to 2~~\

wa ve leng th  in terval .  The Fe X V I I I  ~e’ ul t ~ described mci this paper w~~’e

ob ta~nec W l L h  m e  K A  P (potassium acid p h t h r .  i a i e l  c rys ta l  ~nd ;~ photo —

elee t r i ~ detector.  The sF- etrci i r e solu t ion  of the nea su r e rnen t s  is l i m i t e d

by the  inh eren t  i ine w i dt h  ot t  r i b u t a b  to th e  ~ A P crysta l , i t ’ la rger than

1 n T  ire me . ,  or by the on—bo ard ~atc i  samp ling t ime  (determ ined by the

S i ’ c l i i ’ e i. ‘ i e r i et rv )  W~ I L C ~ eorresp~ ri~ s to 1 .t~7 arc Sin.  of c’ .ve l  by the

cry s t a l .

‘[i.e c r i t c m  presented in this paper were obta ined on l9tY \1 r e f  ~tJ

arid 21 , W I  h cc uc lc  of the  dat a  used for detailed q u a n t i t a t i v e  a ialy s i s  h a v i e g

c , eeii  taken about Tn minu tes  a f t e r  a c l ass I ~ f l ar e  wh i c h  ~~ e i c r r eo on

Vr i r ch  21 at  i 3 i 0  U i . As a result , the ma jo r i t y  of the Fe X V l l i  and o the r

“hot ” coronal X—ray lines originated from a smait  c’e gcon on the solar disk.

I onsequc ’ntly, t i e  potent ia l  problem of ar t i f i c a i l v  broadened spectr al lines

ii re sult of mu l t i p l e  strong sources , often encountered w i t h  fu l l  disk

measurements  of the sun using crystal spectrometers , is m i n i m i z e d  for

these data and the inheren t  ins t rumenta l  spectral resolution is a t ta ined .

This condit ion allows improved assign m ent of wavelengths for emission

lines.

- I l -
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— A total of eight spectra obtained under varying conditions of the

solar coronal plasma were used in the eva lua t ion  of re l at ive  line in tens i t ies

of l’e XV III  and in the comparison of Fe X VI I I to Fe X V II line emission.
Four of these eight spectral scans were tarc en consecutivele , each scm

requir ing 4 minutes, after the class lB  flare.

-
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Ill. DETERMINATION OF THE WAVELENGTHS OF THE Fe XVIII

X-RA Y EMISSION LINES

A number of experimenters have previously reported the observat ion

of Fe XVIII  emission lines from the solar corona (e.g., Evans , Pounds , and

Culhane 1967 , Neupert et a!. 1967 , Rugge and Walker 1968 , Doschek ,

Meekins , and Cowan 1973 , Walker , Rugge , and Weiss 1974b , Parkinson 1975 ,

and Ilu tcheon , Pye , and Evans 1976.) “~1ost of these r~-ç orted spec t ra have

been of relatively low resolution, w i t h  the exception of those of Parkinson

(1975) and Hutcheon, Pye , and Evans ( 1976), both of which had excellent

spectral resolution. Only Parkinson (19 15)  has attempted an analysis of the

Fe XVIII lines to date. Unfortunately his Fe \Vlll measure :i’ients su f f e r

f rom low counting ra tes. Howeve r, he does present wavelength measure-

ments for six Fe XV III  lines. Most of these wavelength:~ agree well  w i t h  the

best laboratory measurements (Feldman et al. 1973) of these lines.

We have used X-ray spectra of the Fe X VIII  l ines taken - 7t ) mc: l u ies

a f ter a class lB flare on 1969 March 21 to determ ine the wavelengths of a

number of the strongest lines or line blends of Fe XVIII which occur

between 14 to 16A. Over this wavelength region our spectral

resolution was —‘ 0.01 ~~, determined primarily by the OVI- 17 satellite

t e l e m e t ry sampling rate.

The absolute wave lengths of the Fe XVIII lines were obtained by

using the well-determined wavelengths of the Ne IX ls-2p resonance line

(13.447 A), the Fe XVII 2p-3d ~ P1 (15.0 1 2.~ ) and 2p-3s 1 1)
1 (16.769 \) lines

and the const ant  and we ll— meas um ’vc scanning rate  of the potassium acid

- 1 3 -



phthalate Bragg crystal (0.2500 deg s’
~~). A total of eighteen Fe XV III lines

or line blends were observed with sufficient intensity to be unequivocally

assigned a wavelength. The wavelengths were determined from a single

spectral sca n. Either the scan taken at 1442 UT or at 1446 UT on March

21 ( — 7 0  min utes after a class lB flare) was used for the wavelength

assignmen t of the great m ajority of the lines.

Figure 1 presents the sum of four spectral scans taken between

— 13.5 and 15.OA. The four scans, taken between 1442 and 1458 UT on

1969 March 21 , were added to bet ter show some of the weaker lines.

However , the addi tion slightly degrades the resolution available in a single

spectral sca n and , in additio n , does not indicate the appropriate intensities

of the Fe X VII I lines relative to the other strong lines as they appeared at

1442 UT , the time of the greatest emission of Fe XV III radi ation from the

previously flaring reg ion. The expected positions of the sixteen 2p—3d

Fe XV III lines , as well as those of several strong lines of other ions , are

indicated in Figure 1. Four of the Fe XVI II multiplets indicated in Figure 1

are not resolved into individual lines by our spectrometer.

Figure 2 presents similar data for the wavelength region from 15

to — 17A. In this figure three spectral scans have been added; those from

1446 to 1458 UT on March 21. The expected positions of twelve Fe XV III

lines are shown , with the dashed lines indicating those blended wi th

stronger lines of other ions. No attempt at wavelength determination was

made for these blended lines. Strong lines from other ions are also

indicated in Figure 2.

4
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l ta .  wavelengths of the Fe \ ~,V j j j  l ines d e te r T n tu  ~~~ ~n ii spe d

meter arc prLsen t e ,  in Table I (2p— 3d transit ions ) and in Tu ole 2 (2 1 —: k

transitions). The wavelengths are presented to 3 signif icant figures aft er

the de cimal .  The uiicert: iinty in wavelength for the stronger !~~~

e s t im a t e d  to be ± 0.005A. The other information presented in the 1ab~e-~ ~

discussed below in § IV.

The m ost de f in i t i ve  work to date on the waveleng ths of ~f l e  c i n i - s i o n

lines of I-’e X V I I I  in the l0-20A region comes from the laboratory work of

Fel t j n ia i i  et al . ( 1973) who have considered the f luor ine  isoelectron ic

sequence in great detail.  Earlier work on ident i f ica t ion  of Fe \ ~l l l  l ines  in

labor atory piasnias was carried out , e.g., by Fawcett , Cann el . n a l  Sau nder s

(l~~ti~ ) . Cohen , Feldman , and Kastner ( 1968) , Connerade , Peacock . a~ H

Speer (1970 ) , Cohen and Feldm an ( 1970), a i d  Swartz et al .  ( 1 Y 7 1) .  Some of

these investigator s have questioned a number of i d e n t i f i c a t i o n s  ade t , \ V

others listed here , including some of Fe X\ ’l lI .  At  p r e s e n t .  t h e  p ip er dl

Fe ldman et al. (1973) seems to have resolved m m i v  of tm ’se pa -t

d i f f i c u l t i e s .

We have used the wavelength data of Feldman et al . ( 1973) for the

3s ari d Id states which decay r ad i a t ive ly  to the grount .l s ta te  ter ra  of

I U  \ V I I I  ( l s ’2s ~ 2 p” 2~~~~~~~~) and constructed the ener~ v level d i a gr am

shown us Figure 3~ It should he noted that not n i l possible upper level

s t - r t e s  are shown; h ut , tV or the most part , only those wti ~~I gave rise to

observable X—radiation , It shciiil also he noted that  a l t h ough  no 3p states

arc Thown they do exist , ly ing  in energy between ~ and th e  3d st ates .

How cv er . since th ev cannot have an allowed transition te the  2p ’ ground

4
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Fe~~~~ 2t) 3 I  Wav elmiq ;I s lot r~ ; t y  R s  us

UV 1 1 1  Feldman el al 119/31 OV 1 1/ l l n r s i y
Wav e le n gth Wavele ngth Rai n ( P tA

LA) A) Transiti o n II A II 1114 ~At

13.919 -i 1S~1d 2~
13.943 32 32 0 20±0.02

13 954 2 P312 - I1S3d 205/2 J
14 . 118 14 . 121 2P 112 - l 1S) 3d bo ~ 1)8±0.02

14 1b 1 14 . 150 2~ T DI3d 2 D:~, ~ 10±0 04

14200 14.200 2 P., , l~D)3d 2o 1 ~I1~~~:( 0

14254 14255 
~3? 

1 1 ft3d 2 S 1 :, ~ t ± ~I 1)

J 
14.361 1

D’3d 
~D :1 :)

14368 (( ~.1±~J i/1 14.3/3 2 P 12 .i~P)3d P~.-,

14.419 2 P 112 
10)3 1 2

P.1
1442 ? 0 ~‘ ±~ 

( M 1

14.419 1p 
~~~~

14 461 2 P 112 1 10L1d 2S 112
14 . 4 14 1 ) 1 1 ± 11 1 ( 1

14 .485 2P317 
1P):hl P1 2

14536 2 P312 
3P)3d 4 F ,

14541
14051 2

P3I ,, 
) 3P) :01 4 P,1,2

14 589 14581 2P312 
( 10l3d ~ P 1 •

~~ 

U 1±. ) 61

4 14 .566 2P 1 :~P)3~( 2D:11, 0 W ±t .Olh

14/ 61 14.// 2 2P 1,2 l3 P( 3d P3’2 0 ~‘±~i 02
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TABLE 2
ft ~~tii~ 2p- 3s Wavelengths and Intensity Ratios

OV 1- 17 Feldman et al . (1973) OV 1-17 Intens Ity
W:1v~ e1r1th W aveiength Ratio (Photo0ns)

A) ; rarts ition IC X)/ I(14.2A )

i~.75B 2P3.2 -( 1S)3s 2S 1,2

£~ :nded Th V 4~~~l 
2~ ~S)3s -

1~ ~~~ hV ~~:1 -~ D)3s 
~

‘ 5 ? 0V 47± 0 . 3~~

15. ’~4 D 
~~~~~ ~P 0V~2±3.031’2

iH .82~ “ P.~~-~
3P( 3s ~~~

15.H6 1~ RH 0.30±0.04

16.003 2P ( 3 P~is ~~~
B~~

, /H

16024 2P12 — ( 3 P( 3s 2
~~ 7

I ~~~~~ 
2P

312
-(3P)3s ~P5.2

16 378 1L087 2P 12 ~
(3P~3s 2P32 1.1~±i1.3~

I 1R 109 2P112 -- ( 3P) 3s 4P. J
IL77/  16.27 0 2P12 - ‘~Pt 3s 4

P3I7 fl.14±~ 1~

- 19 -

V . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
~~~~~~~~~~~~~~~~~~~~~~~~~~

- ,



- -  V VV

Ic XVIII
i i U L ( H t F  I S 0 LJA RIE IS

F [1 P 1. • tJ ~ ~P ~~

2 1 : ‘ 2 2  2 1 ?  1 :~ - 
. ‘ 2 1 7 1 2 2 ,  5~2 i ‘ i - I. ,’?

(
V (~~ :11 

—

— — —

— 
— ))~

( I ,

— 
.~ ~~~ 

—

V A 2 t ) ~

;~‘ h 2 s ’ ~~ 2 : i : ’ 1 ?  I ?  ! 2 2 0 . / / :) ? , 1 t l ?
2 ~ ‘

Flu . .1 - Energy level diagram for Fe XV III showing those levels which

gi ve rise to observable X-radiatio n by decay to the ground state levels.

The usterisks on the quartet states indicate that not all possible levels

of this configuration are displayed because radiation from the

undisplayed states has not been observed.
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s t a te  leve ls  of Fe X V I I I , the y instead populate the 3s levels by decaying to

those states. The importan ce of this effect upon calculated line intensites

w i l l  he discussed in ~ IV.

A l l  af the Fe X V I I I  \-ray lines or l ine blends observed by Feldman et

al . ( l~i l7 t ) l ive been seen in the OV 1—1 7 spectra , although several are

s u f f i c i e n t l y  close in wavelength tha t  they cannot be resolved from each

ot her r , in few cases , from ni~ u 1s  w i t h  other strong lines. h owever , the

m aj o r i t A ’ of these mul t ip le  lines are obviously broader , in the OV I — 17

spectra , I t t i e : single emission lines. Tables 1 and 2 l is t  the wavelengths

measured by Feld m an et al. ( l 9 ~ 3) for the 2p—3d and 2p--3s t rans i t ions ,

respe ct iv e ly .  Also shown ar e the  lower and upper lcvel~ assigned by

Feldm an et at .  for ~ ieh t r u n s t i t u .  In the Tables the lower level of the
- . 2 2 .ground s tate  term is g iv e i as e ither  P312 or P 1 /2 to indicate ,

2 2  5 2respectivel y , l ie  Is~ i~~ ~p P:yV ) or Is 2s 2p P 112 levels. The upper

levels are abbreviated by, for example , listing the 14.200 A upper lc\ 1
2 9 4 1  2 I 2I s  ‘

~~s~~~~p 
( l)) 3d ~ ~2 a~ I))3d 1) 5 ,2 ; the core electrons Iway s ac

V) ) 4 A s imi la r  convent i on  is used in Table 2 for t h e  2p- . s

t r ans i t ions .

The agreement  b etween the Fe XV III  wavelengths measured by our

sp ee t r a i i i e t er  on the O V I - 1 7  sat e l l i te  and those measured by Feldm an et a!.

( l ’~i 7 , t )  in a laborator y plasm a are excellent even for the weaker lines and

well  w i t h i n  th e  unce r t a in t i e s  of measurement for both exper im ents. This

agreement , wel l  as the bel avior of the lines measured during a variety

of -~~i i i  cond it ion ~,, convince s is t h a t  all of the lines observed do indeed

b, long tt the Fe X V I I I  ion.



- V - . V -.-~~~-- -~~ V-

—- One of the lines observed by the OV 1-17 spectrometer and listed as

a line of Fe X VII I  in Table I at 14.660A was not observed by Feldman et al.

( 1973) in the labo ratory. Uowever , the close correspondence of the

measured wavelength to that calculated for the Fe XVII I transition and its

behavior wi th  solar activity leads us to believe it is an Fe XV I I I  line as

indic ated in Table 1.

4
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IV. F(’ X V I I I  R E L A T I V E  IN ’rEN sL-r lE s A N D  RELA ’I’IV E EFFEC ’I’IVE

COLLISION STRENGTh -I S

This section discusses the relative intensites of the Fe XV III lines (or

line blends) measured by the OV 1-17 satellite spectrometer and the

re l at ionsh ip  of those m easured intensities to effect ive collision strengths

for the appropriate transitions. The deduced effective collision strengths

are compared to the only available calculations which make use of the

[3ethe approxi m ation and the results of such a comparison are presented

and discussed. Potential problems arising from line blends are also

discussed in this section , as is a comparison with previously obtained

results .

a) Fe XV III Relat ive Intensities

The measured Fe XV I I I  photon intensities relative to the photon

in t eo s i ty  of the Fe XV III  line at 14.200A , the strongest Fe X V II I  line

observed , are presented in Tab le 1 (2p—3d transitions) and in Table 2 (2p—3s

t r ans it ions ) .  These ratios and their uncertaint ies were deter m ined us

folIo  . For each spectral scan in which a given line was visible , i t s

r ’ l a t i v - i n t ens i ty  was determined by correcting the counts in each line by

the wavelength dependent efficiency of the spectrometer. ( i’his is a

r I a t i ve l v  smal l  correction since all the lines lie between 14 and l6A .)

The H R  e r t a i n t y  a t t r ibutable  to each line was that  associated wi th  the

c n h r r t r l l g  s tat i s t ics  of that  line and its background subtraction.  A weighted

a~’ ;  i~~~ - of the relative in tensi ty  for each line was then obtained using all

4

- - .-  . - -
~~~~~

— - - - —- V



_ _ _ _

— 
of the spectral scans (a max imum of eight) in which that l ine was clearly

discernab le. All hut the weakest lines appeared in most of the eight

ava i lab l e  spectral scari ~.. Five of the eighteen Fe XV III  lines observed had

in t em i s i t i e s  (af ter  background subtraction) represented by more than 1000

counts , four  had intensit ies represented by less than 200 counts; the

rem a in ing  lines had intensit ies represented by between 200 and 1000

counts. For the four lines wi th  tbe lowest number  of counts ( 14. 118A ,

14 .15 1A , I S . 763A and lf i . 277A ) ,  the uncer ta int ies  owing  to decisions

concerning background subtract ion and l imi t s  of spectral integr at ion are

prob ably greater than those shown , which result fromn count ing s tat is t ics

only .

b) Past Theoretical Calculations

The primary mechanism for populating excited levels in Fe \V!lI ,

which lead to the radiat ive transit ions of interest in this paper , is

collisiona l exc i ta t ion .  l’hus, to calculate the Fe X V III  X -ray in tens i t ie s

collision strengths are required , as are oscillator strengths to calculate

rad ia t ive  branching ratios from excited states. While  detailed calculat ions

of t i r e  collision strengths required to calculate the collisional e x c i t a t i o n

rates im i neon—like Fe XV II have been carried out (Loulergue and

Nu sshaun ier  1973 , 1975), the mnore d i f f i cu l t  f luor ine—lik e Fe X V I I I

calculations have not yet been at tempted.  For the ease of Fe X V I I

Loulerguc and Nus sb aumcr ( 1973) f irs t  used a 36 level scheme to describe

the ‘.ta t i s t icnl  equi l ibr ium equations including terms up to n 3. A s imi l a r

calculation for Fe XVII I , i.e., including all n 3 levels, would necessitate a

-24 -
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calculation with  ~2 levels. Loulergue and Nussbau mer (1975 ) have recently

carried their  Fe XV II calculations fur ther  to include n = 4 levels , adding

another 89 levels. Howcve~, they included only a total of 51 Fe XVII  levels

ii-. the i r  l ine  intensity calculations :~r~d found only relative ly minor  changes

from the resul t s  c~ the 36 level (up to r 3 Only) calculations. Un t i l  at

a complete calculation up to and in cluding the n = 3 levels is

~ deUn~ec comparison between measured and calculated

~~ \V II1 X-ra~ line intensities cannot be mean ingful ly  carried out.

Tucker and Koren ( 1971) have estimated the “summed” collision

strengths for the 2p— 3d ari d 2p— 3s transitions in Fe XVII!. These estimates

were obtained by scaling the collision strengths for boron-like ions. In turn ,

the boron-like collision strengths were obtained by using calculations of

Bely and Petr in i ( 1970) for the excitation of 2p—n l transitions in l i th ium- l ike

ions. Inasmuch as the Fe XV III wavelengths and correct designations of a

rumh er  of levels were not well known at the t ime of the work of Tucker

and Koren ( 1971) and because onl y an order of magnitude accuracy can be

expected , these calculations do not serve as an e f fec t ive  check on any

experimentally obtained results.

I(ato ( 1976) has also carried out an estimate of the “summed”

collision strength for Fe XVIII using similar techniques. His “summ ed”

collision strength differs from that of Tucker and Koren (1971) by a factor

of 20.

c) Effect ive Collison Strength D ef in i t ion

The basic theory of collisional exci tat ion and subsequent radiation of

coronal ions has been put forth , for example , by Van Regemorter ( 1962) .

‘ 5 —



Using this theory it can be shown that the energy flux at the earth , E (ergs

cm 2s 1), for a given transition between states j and i may be writ ten as:

(see, e.g., Walker 1972)

E ~ 3.05 x 10~~~ ~~ ~3 B.. aH A Z JG(T) M(T) dT (1)

where E~. is the energy difference between the upper (j ) level and the lower

(r ) level (ergs), £2 is the temperature-averaged collision strength ,

= 2J~+1 is the statistical weight of the lower state , aH is the number of

hydrogen ions per electron in the plasma , A z is the elemental abundance

relative to hydrogen and

G(T) T~~~
2 exp (- ,,~~_ .) azz (T) (2)

whe re T is the electron temperature , k is the Boltzmann constant and

a~~
(T) is the fraction of the element Z in ionization stage z (z = 18 for

Fe XVI II ) determined from ionization equilibrium considerations. M(T) is

the differential emission measure given by

JM(T)dT = fn e
2(1~ (3)

where 
~e is the electron density (cm 3). The branching ratio , B11, must be

incl uded if excitation from the ground level i to the upper level j can result

not only in a decay back to level i but also to another level ly ing below the

upper (
~
) level.

4
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the  te ;nper at r i r e—aver aged collision strengt h ~ de f ined ti~’

~~~~ 
_
~~~~~~ i~~~~~ . (4)

Q (F )  i . I~t~ 1 I t t V (  to t h e  eross ~~~ ton for collisional exci t a t ion  from state i ,

(T (F ) . hv

- 
.~ 2 Q ua)

° (E) — 2rn~~~ 
~~~ 

‘

where e~ the electron mass , E th e  energy of tb~ incident electron and the

other ~~V
•~~ nhoL-~ have their  usual meaning.  Since ~2 is usual ly  only weakly

dependent  en energy near threshold (see , e.g., Wa lker  1972) the approxima-

t i o r t  is o f t en  made th at  £2 £2 evaluated at threshold.

It should he noted that the coUtsion strength defined t~ eqns. Cl ~ , 
(4)

and (~) t h e  usual d e f i n i t i o n , but d i f fe rs  f rom tha t  used h~• Tucker and

Kor en ( 1 ~7 I )  n th a!. they include the s tat is t ical  weight  of the  in i t ~nl  ~t u t ~ ,

in t h e i r  de f in i t ion  of the  collision strength.

h~ e f f e c t i v e  collision strength , £7 ef f ~ can be def ined as

£2 ff = Q~~B . (6)

is , ii  a r a . vu trans Ition from level j  to i results only from level j

l i f t  -
~~ ~ eo ll ~~ on al ~xc lt a t r on  f rom level i (the so—called coronal

ex c i t a t i ’ a condit i on),  the effect ive  collision strength may be deduced from

a V j re-  v by use of equations ( 1) through (6) .

— 27 -



The re la t ive  effect ive  collision strength for two lines f rom the sati r e

iom i m a y  be obtained in terms of the measured intensit ies of the relevant

transitions ( 1 niid 2) of interest from equations (1) and (6) us

Q
ff ( 1) ~~1E1 A 1

~~ef ~~~ 
w 2 E2 A 2~ 

I )

where we have assumed the integral JG(T)M(T)dT is identical for both

transitions. The ws are the statistical weights of the  lower levels of the

transit ions and the As the wavelengths of the relevant transitions. In fact ,

since G(T) contains a term involving the energy of the transit ion (see eq. 2)

this approximation is onI~ valid when comparing t rans i t ions  w i t h  s i r i t i l a r

wavelengt h s as is the case for the Fe XV III  t ransi t ions  of in teres t  here.

The same ratio can also he obtained in tern~s of the measured photon

intensity,  1, ratio as

Q ç~( l )  
~~i

1ie~ & 
_____ . (8)

~~eff ~
2
~ ~2Li

For the purpose of this paper we use equation (8) as the de f in i t i on  of the

relative effective collision strength. Thus, we may use the mncrisured

Fe XVIII photon intensities relative to the l4.200.~ Fe XV III tran sit ion giv en

in Fables I and 2 to cnlculate directly the Fe XVIII effective collision

strengths relative to the effective collision strength for the 14.2 00A

trans i t ion .

-2 . 8-



V _ _ _ _ _ _ _

d) Interpretation of Ef fec t ive  Collision Strength for Fe X V I I I

The interpretatio n of the effec t ive collision strength for an ion as

complex ri s F~ X V III  is not as simple as for an ion in whi ch  the coronal

exe i t a t ion  condition app lies rigorously. There are two pr imary  reasons for

th e dep ar t i i r t ’  f rom this s t ra ight forward  in terpre ta t ion;  ( 1) cascades (ver y

probably ) p i ’~v an impor ta n t  role in populating a number of impor tant  levei~

of Fe X V I I I , and (2 ) Fe X V I I I  has two  ground state levels ( 2 P 312 and -

sec 1 1g. 3) both of which ean serve as the lower level in r a d i at i v e

t r an s it ions .  hut  only one of which  e f fec t ive l y  serves ‘is the lowe r’ level for

c~ I l i s ion al  exc i ta t ion ( P 3 ,9 ) . Thus , whi le  the operative d e f i n i t i o n  of the

r el: i i  ive e f f ec t ive  colli sion s t rength  (Equ at ion  8 )  in t e rm s of t im e observed

r ad ia t ion  f rom a given t rans i t ion  w i l l  y i e l d  t i r e  ippropria ’ e re la t iv e

in t en s i ty  rat io for a hot , optical ly th in  astrop hysic al ~r labo ra to r y plas m a ,

it w i l l  not necessarily ‘“ovide accurate results if the  re l at ive  collision

st rengths  are used for collisonal exc i t a t ion  calculations.  The atek 01

accuracy , for var ious t r ans i t ions , w i l l  vary dire ct ly  w i t h  the  impor tan ce  ~) I

the two condit ions given above relat iv e to tha t  of the coron al e x e i t~it ion

condit ion.

~ l th or igh no c a lcu la t i ons  have been performed to date , it t~

p ated tha t  ~~rseades w i l l  play n i f i c a n t  role in popula t ing  number  of

impor t an t  leve l s  in F~~ \ V 1([ . I’his conclusion is re ach ed b\ analogy w i t h

the situation (‘r Fe \ ‘~ II where deta i led  ca lcu l a t i o n  have been i erforme d

t h en r c t i ea l l y  and a cori par isorl has been mi n c e  wi th  exper im ent a l  results

Louler gue and Nu sshau~~r r , I 975) . In Fe X VII  the strongest e f f e c t  of

erisca ics i~ - rn th e 3s states. For th i s  ion only a few per cent of the

— ,~ q —
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~.c~-.uin t i ~ n of the 3s levels arises from collisional excitation directly from

~bc rr~ u i~ staLe. The majority of the 3s level population arises from

- .-~scedcs from ho levels, many of which ar~ populated. in turn , by cascade

fr ~~ the -~‘i levels. A sim. bc’ ~~ n~ So Ie. ”s  e:~is~ ft Fe XVIII .  States in

2~; eiez~tron . ra~ t~~. ‘n  a p electron , is excited can also lead to

t~~: ; 3~~. , ;:~~ -~d ft’ie~~ in ~e XVI1I . In view of these results

see rensonahie tha t  these sane mechanisms may operate

~e ~~~~~ ~ So ny ’ decree. ‘N the extent that  they do operate , the

u f T h~ s~ of ~e reI~ tivc effect iv e  collision strengths , inferred from

ra~ m :~iive intensities , ~~r coilisiona~ ex ci tat ion calculations is diminished. It

is ~nti ei~ ate 1. by anak~ y wi th  Fe XV II , that the effect will  be greatest for

t-ie 3~ states. Some evidence for th at  v i ew is presented in~~ IV f. The

eascads effect  ~a” also a f e ~ t the So states, but its imnort ance cannot be

__ p roc~eriv assessed at thi s t ime.

An other  d i f f i e ~;~tv for r~e XV III  ~s the presence of two ground state

levels, the is~~2? 2 2 TV~ ‘ P3 12 and (~~~ e Fig. 3). Radia t ive  transitions

from r~ ner levels to roth ground state levels occur (see Tables 1 and 2) and

thus eauat f tn  (8) may he ased to infer an effect ive collision strength

(relativ e to the i4.2A tr ansition effective collision strength) for a

trar .sit icn having a ground state level 2 P 112. However , the excitation

which gave rise to this tran sition in all probability did not arise from thi s

ground state levei hut rather from the 2 P312 ground state level. This may

be easily demonstrated by approximating the situation by assuming the two

ground levels form a two-level ion and calculating the relative populations

of the two levels. The necessary collision strength may be accurately

extrap olated from data presented by Blaha (1969) and the magnetic dipole

-30-
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t rans i t ion  probabil i ty  for the t ransi t ion obtained , e.g. , f rom Pe tro simi p i

( 1970) or Kastn er  ( 1976) . If a temperature  of 5 x lO~ K is assumed (the

var i a t ion  w i t h  1’ goes only as T U’2), the electro n density must exceed

l0~~ em ’1 before even one percent of the ground state ions populate the

P I :~ 
level.  Thus ti m e e f f e c t i v e  collision st rength ratios for t r ans i t  i or i ~

involvin g the P 112 ground level have m eaning only  for ca lcula t ing

rad i a t i ve  intensi ty rat ins , mi nd not for collision al exc ’i t ~t t i~~ m f r om th a t 2 1)
1/2

state.

e) Modified IIethe Approximation

Although no detailed ca lcula t io n s  on the coll isional  \c~ t - t t  lot of

Fe \ V l l l  have been carried out an a p p r o x i m at i o n , wh ich  is o ft en  used ,

relates the collision s t r ength  to the osci llator s t rength.  This is the l l e t lme

approximation modified h’~ use of the averaged U aunt  f a c t or , ~~~, as intro-

duced by Seaton ( 1962 ) and Van Regemorter ( 196 2) . l’h is appr ox i n i a t  iOu i~

only va I i~ for allowed t rans i t ions  and at high energies . ~ here th ~ sho rt—

range interact ion between the p erturhin g electron and t i m e  a t o - a i e  e lectr on

may be neglected. Al though this modified Ilethe ap proxiu i ~ t to n F- -- been

extensively  used in astrophysics, s t r a igh t fo rward  app l i c at i on  of th e  ~
empi r i c a l  f o rmu la  may give  considerable error for cross —eel  Ia n deter ~n inmt —

tions (Bel y and Van Rege nmorte r  1970) .

The approximati on ~~ay he wr i t t en  as

I ft. (9)cf f  r ,, j ij , I I  p



where is the averaged Gaunt factot’ . A is the wavelength of the

t rans i t ion , h and c have their  usual mean ing,  f~ is the oscillator s t rength ,

is the Rydberg and the other parameters have been defined earlier in

this paper. Evaluat ing the constants one obtains ,

~
7eff  0.0159 ~~~~ g1j X~~~ ~~~~~ ( 1 0)

where A is in A. Therefore the ratio of e f f ec t iv e  collision strengths for

two transitions I and 2 is

Q 
ff ( l )  

_________
( 11)

It is assu m ed the averaged (
~au nt  factors are equal for the two transi t ions.

This assumption , often m ade , must  be used since no calculations of the

Gaun t fac tor ex ist for Fe XV I I I.  M ewe ( 1972) has presented in t e rpo l a t ion

formulae for the averaged Gaunt  factors for several isoelectronic

sequences , but not that  of F!. In any case he treats onl y exc i ta t ion  to

atom i c  !evels without taking into account their mu ltiplet structure.

Thus , re la t ive  effective collision s trengths may he appro x i r ima t od  by

use of equation (11) if the oscillator strengths for the transitions of interest

are known.

f )  Results for the Relative Effective Collision Strengths

The e f fec t iv e  collision strengths for the Fe XV II I  t ransi t ions

L 

measured by the OV 1- 17  spectrom eter relat ive to the e f fec t ive  collision



st r eng t h  ~nr the strong Fe XV III  l ine at l4 .2A may be obtained (l ireet l y by

us in~ ~-Fu ~ t on (8) and th e listed intensi ty  r at ios of the t ran si t ions given in

Fables ii -id 2. The results are given in Tables 3 and 4 for the 2p-3d and

2 p— ~fs t ran si t ions , respectivel y. The values wi th  the asterisks are those line

hier is for wh ich th e  c o t h r ~ion strengths had to be weighted because of tin

met  H IX t are of th e  t w o  ground st a t e  levels in the  blend. ‘I bus  is discussed in

the ext  ~uh — soe~ io n.

‘~t c ha v e at t empted  to compare these e s p e r  m en t a l l y  ob t aj u ~eo

results  w i t h  cmi I~~m ih i t  OHS based on the modif ied  I lo t im e appro xi f i a t  on by

i.~i : ig L - q u m i t l O n  ( 1 1) .  lii order to carry out th is  cii l cmi i m t l o ut  t h e  o~e i I lmi to r

s t rengths and b r aneh i i img  ratios , wh ich can be der ive ~ f r o m  the osc i l la tor

s t rengths , au ’e required. Dr. R . U . ( ‘owwi  has pr ev teus lv  eu1eulal t ’~ the

(unpu b l i shed)  rt~qui r ~’d osci l lator  strengths for Fe \ V I l l  us I mr. 1 lar t ree — 1- ’oei<

— wave f u n c t i o n s  in a m a : r r i e r  sj i m i i l a r  to his ear l ier  e m i l e r i l a t a r i s  ( ‘ ow~’ mi l 9 t 7 .

I ~I68 ) for usc in the paper by F eld m an et a!. ( 1973) . l i i . F e l d m a n  hn~
I~ mmmdl v  r i i mi d t ’  I I ese ca lcula t ions  avai l able  to us. Using (‘o w n s  ) HcI  i1n t ~ a

st r eu g th ~ and the  t r an s i t i o n  des ignations of Fe ldm an et al .  ( 1973 )  we h i ; t ve

ca lculate d the rela t ive colli sion strengths for both the 2p—3d ar id ~p — .is

t rans i t ion s .  I’he results arc shown in the last column of ‘l’ ahle 3 and 4 ,

respect i VP lv.

E x m  in m a t  ion of Table 4 shows that  mdl values of l Im e e l l i s  eu

st r en g th  r :t i o s  en ieu~ ted by I lie E~e the  app rox im at ion  ar e .Ub st i f l t  I t  1k

b elow the i r  rn en su r ~’d v - n i n e s . 1W’ believe th is  is st ro img ‘‘V deuce t i n d i ca t e

t h a t  th e  role of ~~sc~dcs f rom we ~p levels to the 3’.. leve ls i . .  as irumpo rt ant

in F e  X V I I I  us iii I - c  X V I I .  If t h i s  ~ i ndeed the cr isP :1 I n e m i n i ! i g f u i

COIH ) ar l s t ) n  b etween  the two sets of values cannot he made.

- -
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Fo r the  2 p— 3d t r u  n sit ions (Table 3), eve n f o r  the stron ger h u e s , t lu

u i gr ee inue i t .5 gen er a l ly  not too good wi th  (11! ferences between the Re t he—

ap pr ox im at ion  c a le uj ia t  ion and the measured r atios being up to a factor ’ of

th ree. I-or ’  sOnniC of the weaker lines the d i f fe ren c e  N ever i  larger . The

worst  ease ‘s f .t r  our  .c~ ;ik 14.1 l~ A l ine  wher e he une mi sur ed r at  in 15 10

t i - s s n , n  t i e r  than the I Ime oret ic al  predict ion. For t h i s  e; i; ~e , as has  been

1n~ , ’ for ~i l I  the other  lines if possible , we have checked oth er in v a i t a b l e

(L ~I t ; ;  t o t -  the re la t ive  t ine  strengths and f ind gener al  agreement w i t h  our I
ml ’ 11- ..ur e( 1 values :1:~ opposed to the B ethe—approx irnia t ion calculations .

t \ -  have tse ;i t i e  v i s ’ t ’ i l m y  es t i m ated ( f rom f i l m )  Fe X~~ll1 r e l a t ive

l i mi t strengths its ,  q u a l i t a t i v e l y presented by F e h d t n a n  et al. (1973 ) to d~scer ,m

str i u ig f rom weak l in ie ~ iii t h e m ’  p lasma , I ht - conditions of which m a y  have

d i f f e r e d  considerably f~’oin t h ose in t ime sni; r corona at the t i m e  of our

m e i t s u r e u n e n t s . Q u a l i t a t i v e l y  our results agree w i t h  theirs.  Hut ch oon , I’ye

a u n t  Fv ans ( 1 9 7h )  h ave  published a hig h resolution X—r a y  spe et ru n l i  of the

corona , also taken about 1 hour a f te r  a sm all  f lare.  U n f o r t u n a t e l y  t h ey

hut ~ e o n m l \  provid ed the in tens i ty  ratios of a number  of Fe X VI I  l ines.  (‘heir

spectra are q u i t e  s i m i l a r  to ours for the t i m e  period from 1442 to 1458 U I ’

on I 969 V arch 21. Therefore , we have used thei r  spectra as shown , and

; i i s n , i r u for  n a t i o n  orovided in their  paper concerning the ef f ic iency of t ’ lci r

Br s~ ’ c ’ t  r o ; ~et .’~- . t o  in n ike  e s t i m ates of the relat ive intensi t ies  of t F i ’  se

F N V UI :H— Pd l in es we could easil y observe in their  spectra. ‘1 he se -h i—

q u i u i t i t  at  ive resul ts  we obta in l ire in excellent agreement wi th  our rel al v -

i r i t  t ’ rm ~ it  i i ‘~ or th e ~p—3d t rans i t  ions. We therefore conclude th is  is f u r t t e i ’

cv h I ( ’r I ce  t h a t  our une u ts ui red t i ne  intensities , on which the exper i rne r i t a  I

4
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r e lat iv i~ ef fect ive  collision strengths are based , are correct and any

disagreements with  calculations based on the modifi ed Bethe approximation

result from one or more of three potential diff icult ies.

The first possible reason for the disagreement between calculated

and measured 2p-3d relat ive collision strengths may be the influence of

cascades on the 3d levels. Althou gh the effect  should be smaller than on

the 2p—3s transitions of Fe XVI!! , Table 4 dramatically illustrates the

effects of cascades for 2o-3s transitions. Until  detailed calculations are

performed , the influence ci f cascades on the 3d levels of Fe XV III cannot be

properly assessed.

The second and third potential ‘casons for the discrepancy between

the measured and calculated values in Table 3 have to do with the modified

Bethe approximation. As mentioned earlier , the approximation is onl y valid

at “hi gh” incident electron energies , where short-range forces can be

neglected. The temperature in the coronal plasma may not be high enough

to make this approximatio n valid. Additionally , it was necessary to assume

that the ~s were equal for all transitions. Variations of ~ from its usual

assumed value of ‘~‘ 0.2 of a factor of two or three are observed (see, e.g.,

Mewe 1972) and may also account for some of the discrepancies in Table 3.

g) Potential Problems with Line Blends

The possibilities of blended lines add a further degree of complica-

tion to the analysis of the already complex Fe XV III anal ysis. A first , and

relatively minor , problem was mentioned in the last sub—section. In Tables

3 and 4, three line blends ( 14.422A , 14.474A , l ’ .078A) ha ve admixtur es of
4
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t: -ie two ground state leveLs (2 P312, 
2 P 112

) as their lower level. Therefer e ,

t~ e application of equation (8) is not straightforward since a value must be

ass;gned ror th ~ statistical weight of the lower level of the transition. For

these three em~ses we have weighted the contribution to each blend by the

w~ ue the ~~~~~ ~asa~1 on the Betne approximation , would give to each.

Th~ - -ii~- -
~~; :ia~ icn rii ’~ .- h~ somewhat valid for ~he 2p—3d transitions , hut

.~ u uiml u no~ DC expe~~ed ~o be as good for the 2p—3s transitions because of

~hc cas~~ din ~ -~ffects fr om the 3p levels , discussed above , which it is not

£ ; -. - ; :~&b 1e to takc- i f l t 3  accou~it properly in this procedure. However , the

: ‘i a x m m u m  er~or int’oduced by this uncertainty is a factor of 2 , the ratio of

the statistical wen~flt3 of the t~--o ground state levels.

A teri t ia1~ niore important problem occurs because of the

~:.s~.mm1 ~ty of c.ther :-e VIIi transitions ly ing suff ic ient ly  close in wave-

ien;~h ~o observed Fe \V iI l  lines to form unresolved blends. Feldman et at

( 1973) discuss this possibility in their  work on the f luor ine  isoelectronic

se•~uence. T h n  fm ~~i that this d i f f i cu l ty  rn a ’~ exist for three Fe XV III

excited levelc whicth h~ivo the 2p 4( ’D) 3d configurat ion;  the three potential

pairs of “blended” levels are the ( 2 D512, 
2 P312 ); ( 2 D312, 

2 P 112 ); and

i ’~S . i ~~
2 Fc i : )  where the first level of each pair is the designation used by

Feldman et a!. ( 1973) in our Tables 1 and 3. The theoretical wavelength

calcul at ions Feldman et al. ( 1973) cannot distinguish between the

possibility c r a single level or two levels. Their laboratory observations

cannot distinguish between these possibilities in the fluorine isoelectronic

sequence beyonct about S VIII for the first two pairs of levels and beyond

about Sc X III  for the third pair of levels. For lower members of the

isoelectronic sequence both levels give rise to individual observable lines.

4
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rhe t ’lt ec t  f including the three additional Fe XV III levels gives rise

to t ine  ~-~-~-~iu i h t y  of f ive  blended lines , those at 14.200A and 14.4 19A for

the f i r s t  ~n m r  , t ~evols , t 1 no~e nit 14. 150A and 14.361A for the second pair of

l evels . ~a i~1 t h a t  n i t  l 4 . 2 :~~5 \ for the th i rd  pair of leveic . (We have used

Fe ldma n et al. ’s (197 3) wavelength s .) ‘[‘he possibility of blends with the line

i t t  1 1.4 1 t - \ hma ~ e z i t r endv  been includ ed in Tables 1 and 3 (and in the

col~ u l a t i  nm ut r e l a t iv e  eol I is on ~tr~ n~ t im in Table 3). The line arising f rom

t ; e  ( 1 D> h i  l c v t - 1  n t  14 .4 19 \ contributes sli ght ly  Ie~s than 1/ 2  of the

c n t i e i at  1 r e l n i  t ive eni s t e i n  ~t i ’e i  ~t h (wh ich  is too low by a factor of 5) of

the l ine  ~-e observe ni t  l4 . 422 - \ . Thus its existence or nonexistence cannot

recon c i le  th us  par t n i : u la r  c a lcu l at i on  wi th  the observation. The f i rs t

ness I n i t -  b l end l is ted above I: the most i un p o r t an t  ( 2 D 5 12 , 
2 P )  since we

t i n y , ’ Used th e  ~l) r . )  l i ne  at 14.2 00A to norma l i ze  all other col lision

strengths.  The prn ’s( n c .  of the 
~3/2 t rans i t ion  , w i t h  an intensi ty given by

t he I~ethe approx imat ion  a mi d  Cowan ’s oscillator strength , has the effect  of

i uuc r e n i s I m i ~ the col l i s ion strength for the 14.2 00A line by about 5O u i ~. If th is

wer e the only “blended ’ t ransi t ion , it would un i fo rml y  decrease all of the

other  2p-3d and ~p—3s m ’e la t ive collision strengths by a factor  of 1 .5. Whi le

obviousl y eh la i l g i n i g  the resu lts of a comparison of the Bethe calculation and

observations , it would not result in overall better agreement between the m .

Fu r t h e r m o r e ,  there  is no reason to expect only one “ble n ded” level

w i l l  t ) C s~gn i f i c a n t I y  p opul ated without the other pocsihle “blended ” levels

being populated.  We lma ~’ ’ therefor e ’ carried out a calculat ion assunnin g all

levn I- ~ th at  n ay exi s t  wil l  he populated according to Bethe approximation.

‘\~~~t u i , t i ’  net result i~ the same. Although individual  lines change the

ra t io s  0 t i ’  CHl ( ’Ulmt te d to observed relative collision strengths , the ove rall 4
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agreement is not improved by these procedures. Therefore , we believe ,

even wi th  the inclusion of other potential Fe XVII! levels which could give

rise to additional “blended” lines, the agreement between the calculated

relative collision strengths using Cowan ’s oscillator strengths and the

modified Bethe approximation , and the observed collision strengths is not

impro ved. Presumably the discrepancy results for the reasons given in the

last sub— section. At the present t ime we endorse Feldman et aL’s ( 1973)

designations for the various transitions , which are based on a study of the

entire isoelectronic sequence , until  evidence that the other potential

“blended” 2p4 ( 1 D) 3d levels are of importance is produced.

h) Comparison with a Previous Analysis of Fe XVIII

Before leaving the subject of collision strengths it should be pointed

out that Parkinson (1975) has analyzed six Fe XV III lines observed in his

hi gh resolution X-ray spectra taken from a rocket. His strongest Fe XV III

li ne ( 14.2 A) had but 60 counts , his weakest 12 , and the four remaining lines

24 counts each , after  background subtraction. Consequently, the accuracy

of the line intensities and the collision strengths derived by Parkinson are

limited by the relatively poor statistics. Parkinson ( 1975) uses equations

essentially similar to our equations (1) and (10) to evaluate the oscillator

strength for his observed transitions; however , he neglects the branching

ratio , ~~ in his formulation. (He also adopts Tucker and Koren ’s (1971)

nonstandard usage of the definition of the collision strength incorporating

the statistical weight factor.) In Parkinson ’s ( 1975) Table X he presents his

inferred oscillator strengths for Fe XV III which are all a factor of ~~
‘ 100

smaller than would be estimated from the analogy with Fe XVII as well as

-40-



fro m Cowan ’s calculations (which were not available to Parkins on),

Therefore we have redone his Fe XVI II calculation using only inform at ion

presented in his paper for abundances , ionization equilibria , d i f fe ren t ia l

emission measure mind line intensities.  Wi th  this informat ion we have

a t t empt e d  to rederive his values of the Fe X V I I I  oscillator strengths. We

find values almost exactly a facto r of 100 higher than those given by

P a r k i n s o n .  In order to check our calculation , we performed a si m ilar

calcul at ion , again using only Parkinson ’s data and assumptions , for his

15.O 1A line of Fe X ’.’II and obtained a result that  agreed with  his to wi th in

~~2O ’o. flien ’efore , we assume n-tn error in a r i t hme t i c  by a factor of 100 was

made by Park inson , and to obtain values properly r ef lec t ing his anal ysis

both the deduced values of his oscillator strengths and collision strengths

for Fe X V I I I  (only) should be mult ip lied by a factor ol ’ 100 . Taking into

account the l i m i t a t i o n s  in statistical accuracy of Parkinson ’s intensi ty

r at i a s  for the six Fe X V I I I  lines he observed , these ratios are in agreement

w i t h  ours listed in Tdoles 1 and 2.

4
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V. Fe X V I I I  A N I )  Fe XV II  R i ~LAT I V E X - R A Y  INTENSITIES

Fe X V I !  . \-radiat ion between 13.5 amid 17.5A represents the largest

energy f lux  emana t ing  from the solar corona for any ion in this wavelength

range. This wavelength range is important  because many solar X—ray

n i i eni sur ein ents , some w i t h  relat ively poor spectral resolut ion , have obtained

, in - i t n in ~h ms spectra r eg ion. For example , both th e  S--iF~ I ( i~ rnege r  1976) antI

~~-U3t i  ( \ ; ek en z i e , pr ivate  communica t ion )  X-ray telescopes f lown on Skylab

had at least oia~ f i l t e r  posit ion in which one on’ more of the Fe X VII  X—r a

lines account ~ d (by calculat ion)  for -‘ 20% of the energy deposited on their ’

f i l m  recording t in e solar image in X—rays at coro nal t emperatures  of ten

found in act ive  regions. For tuna te l y , w i th  recent theoret ical  (Loulergue

and Nussb aun ic r  1975) and exper imental  (Walker , R ugg -, nd Weiss 1974a ,

Parkut son l . i7 ’~, I (u t c heon , Pye , and Evans 1976) work a proper assessment

of the a m o u n t  of energy emit ted  by the Fe X VI I ion can be made for

c’~s en t in - t I lv  any optical ly thin astrophysical plasma. As has been stated

earl ier  in th is  paper , this  is not the s i tuat ion in any sense for Fe X VI I I .  N n

detailed theoretical  work has been carried out to date on Fe X V II I  f luxes

ar ;d  th is  paper is the f i rs t  experimental  work to present a re l a t iv e ly

w’eui’ii te m m d  detailed exam inia t  ion of Fe XVI II  X—r a d i a t i on  f rom the corona.

l o r  t l m k  reason we wi l l  compare the relative energy f l u x  of t i n e t o t ~ n l

Fe X V I I  ; n r i l Fe \~~~l l l  ‘~- ray emission from the solar corona. R e la t iv e l \

Li ’ I Ic \ -n ’ie~ f l u x  is e n i t t e d  by either ion outside the 13 to 17.5 A region .

°n ; i n ) n r ,t to t i e  energy e m i t  ted w i t h i n  th is wavelength region.
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• 
‘ - y t  -.;n . - ‘t r a l  ic — u, ~~, l t i l t’ i i ven ’ th e  two  ( ! H ~ ’ period

I 1 n , ~n \ l ar eh  ~ t i~~~~ 2 , ‘t  ~~~~~~~ t~~ r n ; ~en ~ v r a t i o  of t i n e  Fe X V I I I  f l u x

r e l a t i v e  t o  t oth  N ,  
~ t 1 - ) l i t ~ (!’.’~~~~. i i  ~~~n~ i t i r ;i~ 15 .1) 1 ; (2 l~~n l 1 1 I I ) a nd

to t I e  i - u - I  I \~~I l H~ I r ~ - I t  t ’’ l~~ . \ ~~~v - ~t n i ~~t !nt crv a l .  These

~ i t ’  oH “ -
~ i t ’  u-~ , - - - - - j n -  in l t t ~t n 5 . \ v~ c a - t y  of

- (. - . t I  t )l I~~ “ L~~ .- , r i,’ l f t  ‘‘ - (W1i ~ - i t t  - se~t m i ~ • t ~~ iN ~~ t ’  s i n  fr o m

X \ t i i  i i i  t ~~: \ ( inn  e~~~ • ’ ~~~~ I t -  \ \ i i l  ( 1 4 .~~~)

to i - n -  \~~Il ( l 5 . n. ~ \ )  ‘ in  r :,~ f l u ’  r t ~ n - ~~. \ .~ u:e- t i c  : t - m u - r i - ’ -Ho r ’ , the

fou m ’ - ‘c n n t ~et~u t - - .-e s p e c t r i  i - n ~ t i  eg i ta !~ •~ o~ 1 i - -n2 L i  I i  l~i~~ \ ) ar e :~ 2 1

fo1Iowc ~ It  ‘t : i ~ s 113 f la r e  wh a~l i ~~~~~~~~~~~~~~~ 1 . -;~ - i  I .  I ~~, th e  change

the ~pi t ’ l r nn t h ardnes s ol t i c  su c t r n n  c i t  ~ - t -  ‘ -
~~ ~~- i  cc- - as a f t m n i c t i o ,

tu ne a f t e r  the flare I ro - the ( 1 ,tFt ir L SI S ten ii  the  t i  • - .

As (‘an he seen f rom t h e  fou i ’t h and f i f t h  e o l i i r n i n s  of Table 5 , a non—

negl i gible  amoun t  of \- -r ad in  t ion na y  o r i g ina te  t i c s  Fe X V I I I  ions ,

especia lly dur ing and a f t er  f l a re s  ins a—el i  t i’  f rom “hot” ac t iv e  regi on s .

Thus , an accurate e st im a t e  of 1- c \ ~- I I i  N — r a d i a t i o n  produced by hot ,

opt i ca l ly  th in  astrophysical  p In - t s r rnns  is essent i a l  to prec iic calculations of

e n e r g y  loss anc spectra l  output  of such plasi~ias as well as to the

i n l t e r ’pr e ta t io n  of :) l’oad—bnmn -id or low resolution X —r ay pictures of the sun .
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T A B l E  5
Compar ison of f-~~~~ c C Et~~~~ r I ,  - s~hes

Dat e F~~~~~( 14 .2A E Mt 2A~ 
[ Fe~~~~

) F
(1969 ) inte ns ity Counts ) E i ~- 0l A~ F ( 15. O 1A) F (Fe~~~

)

20 Ma~cn

i5?R f t T  44 U 114 0 ?3 006

0615 UT. 131 0.09 056 [ 15

21 Ma rch

U 4 1~ U T . 3~? 0. 14 082 022

0423 UJ. 365 0.13 077 0?U

1~i42 U.T . 617 [124 14 [- 38

144~ Li I - f ;3~~ 
( i 1 1 1 .2 03 2

1450 .~ P4 5 0. 17 1.0 025
1454 u.I 307 015 0. [1~ [ 1 3

4
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VI. S1J~ 1 M A R Y  A N I )  I)ISC U SSION

In n th is  paper we have presented the f iN t  a c e i i i ’ ;m t e  ar i d  eor n iprc l i e ’n —

- -avi ’ rup : i sur ements  of the wave lengi m s  a t t i  r e l a t iv ~’ in ten si t ies  ot I

stn ’o ing e st X—ray lines of Fe X V U I  e m i t t t ’d by t ine solar e :octa . Tine -c s

d at a  ~~. ens obtained from eight r e l a t i ve ly  high resolu t i on X—ray  s r - e L m  O~

t in e  ‘its t a i~en f ron t  a }3ragg crysta l  SpeetrOiTl etel ’ t own •ai  th e  )V -l  7

i t - . on I :169 \ -i arch 20 and 21 . ~~e ha ve d c f i n i t c i ~ , ‘, ne d ~a g! i tce~-

Fe X V I I I  coronal li n es or line blends and co i i ina red  t h o ~ n . t i V ( l cn lg ~ -S n~

the  i r i v al  able value s  obtained from m e n i s u r e n i l  - ‘ s , ) l  hot > j i ’ i t t ~~i’~

p ls ’.inas .  l’hc agree n ent  between the solar and Ir. o , :  - t  ‘ o r v - ~- - v o l  - - -~~ ~~

excelle nt .  W e have used the m et t s  :ed Fe \ VII I  rt  I - r I  nve i t t  S i 1  cs -

deduce t i ne  re l at ive e l f ect i v e  coIl i - ~i on i s  st r eng th ’  or t I  i n

essent i i i  R’ dl of the  h igher  / - n i e i n ibe r s  of the  H i n r i i n e  i s ocl e et r - ar i i e

sequence since ‘~ 12 c o r r s t r rn i t  Inn the  h igher  v va lu es  iO r g

isoelcet r oni e  sequ en ce. [he i~~e of the se deduced re la t ive  s~ li s a

st r engt i~ iii co l l i s ional  Cx ( .y i t St i on  c a l cu la t io ns  was i a - n t ; s m i e i l  end ( h i ’

potent ia l  complicat ing effects  of cascade processes were - discnissed in

detail .

l H  OV 1 — 1 7  deduced re la t ive  co l l i s ion  s t rengths  i~ eN c o u u i ~ - r i c e  t-

ca lcu la t ions  of the y!i t i n e  q u a n t i t i e s  using the in odi  ~~ R eti re appr ox i mu-

t ion ,  In all ~atse - -- re 2p—3s calculated collisio n st rength  ra t ios  wei’c

s ign i f i c an t ly  s a i t i l e r  t hac  the  valu es obtained fro m the m ) V 1 — 1 7  s a te l l i t e

1-c X V I I I  l i n e  i r ; t t ’n5 i I ’,- u n  a ni’ ~~n e n i t s . We concluded t h is -,‘ - - ts  ev i -r en c e  for

the cxt .s t enice of strong c~ sct tng effects  from the 3p to the 3s levels iii

Fe X V I I I .  Whi l e  agreement between the Hethe approx imat ion calculati ons

-4 7-  - -- .— ‘.-—-.- —~~~~~
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and the OV 1—1 7 relative collision strengths was better for the 2p—3d

t r ansiti ons tha n fo r th e 2p-3s, it was not nearly as good as the accuracy we

believe is inherent in Cowan ’s calculated oscillator strengths. Reasons for

this discrepancy were presented as were potential complications to the

analy .is from line blends. It was concluded that potential line blending

cou.d inot remove the discrepancy between the calculated values and the

values deduced from the O ’d1-17 X-ray spectra.

All eight X-ray spectra were used to compare the X-ray energy flux

of the corona in Fe XV III to that in Fe XVII for a variety of solar

condit ions. It was concluded that Fe XVIII X-radiat ion is non-negligible

compared to that of Fe XVII , especially from hot active regions and , pre-

sumably, from flares.

In the work presented in this paper we have used only relative in-

tensities rather than absolute intensites for the Fe XV I II emission lines.

There are several important reason s for this. First , the relative efficiency

of the OV1- 17 KAP crystal spectrometer , over a short wavelength region ,

is substantiall y better known than the absolute efficiency. However , we

believe we k ncow the absolute efficiency to within a factor of two. Second ,

in order to derive absolute Fe XVI I I line intensities the differ ential

emission measure function , M(T) (eqn. (3)), must be derived. Craig and

Brown (1976) have shown that the problem of determi ning differential

emission measure is ill-conditi oned and may not lead to unique solutions.

The third problem , fur Fe ions in general , i~ with the G(T) function

or , more precisely, with the ionizati on equilibri um part of its calculations ,

i.e., ~~~ (see eq. 2). Until very recently Jordan ’s (196 9, 1970) calculations
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of a ,1
( l’) have been un l in o st  un iversal ly  used in coronal calculations.

Recent  lv. howev er , Jij eons n t  a!. ( 1977) hav e included addi t i onal  auto i on ni—

zat ion te rms  in a detai led ionizat ion equ n ih r i u : r  calculat io n which have the

n u t  n i -  e f fec t  of sh i f t ing  t h e  peak of t i e  i o n i za t i on n  e q u i l i b r i u m  cu rves as

calcu lated by Jordan ( 1969 , 1970) towar d lower t empe r atu re s  by

1.5 x lo bO k ior Fe XVI II .  Unti l  it becomes clear which , if e i ther ,  of th e

t w o  calculat ions are correct for Fe ions , it appears to he a t h ank I ’~s’ t ask

to a t t e m pt a proper evaluat ion of the absolute intensities of our 1-n ’ X V I I I

(or Fe XVI I )  l ine in tens i t i e s .  This st a te inen ~ probably app lies equa L~ weh

to other r ecent and f u t u r e  Fe ion l ine measurements in the X —r ay  re~ ioni .

In any case , we believe the most valuable contribut ion expe r im ent al

me a sure in en u ts  can make to the understanding of Fe X V I I I  i n c  c i n i s s m n r u ~

from the solar corona are the relative intensities of these lines , g iven u i

Tables I and 2. It was precisely these observed i :nt ens i t v  r i t t u  ~~‘, for

Fe X V I I , that  led to a reassessment of the theory (Pott asch 1966) ari d t i ne

subsequent theoretical  understanding of that comp lex ion (L u I t rg u mc and

N u s s b n m i n i e r  1975) . -
~~ s i n i m i l a r  understanding of Fe XV III  awai ts  the d u f f u c u l t

rin d t edu ous ca lculation of t ine collision strengths similar  to th n 1 per formed

b~ Loulergue and N ussbui umcr (1973) for Fe XV 1I.

4
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I n a  IV \ N  A .  CE r I IN C  \ a O R AT O R I E S

- -~~~ 
Oti e r a t i - r i S  o t  h~ - Ar - r os pa r  e C o r po ra t i on  is condu t ing

-s- u, -  r: t i - ’  t n  aiid ti:,- - r e t i r  at o n ’  s t i g a t i o n s  n e c e s s a r y  for the ev a luat ion and

~:- i l -  r a t i o n  of an , - r : t : t : n  nd  a S n i- to new t t : n t i t a r v  concepts  and s y s t e m s ,

sa t : i i t - , an d f i , - x : - , l : t v  ha e - i - n - i  - t i - s - e l o ped tn a high d e g r e e  b y t he labora to r y

p e r  a - -uni t in dealing ‘s th t h i -  many problems en i -o u nt e red in t h e  nation ’ s rapi dly

- i - I - p u g  s p i n  i -  and i : uss ii i ’  s V S t i - i O S . E x p e r t i s e  in the la tes t  sc ien t i f i c  des -el-

- t o -. n u t s  : s  s t a t  t o  a~~rotn p I n s  o n - r a t  of t a s k s  re l a ted  t u  t h e s e  problems . The

l n - r  n t n i r i - s  t h a t  c - n i t  r i b u t e  t ø e s  r e s e a r r h  , ir , ’

A er p h~ I ,W- r s t , r y :  Launch and reen t ry  aerodynamics , heat trans-
f i r . rn - i - ut  rs p hs a t .  lu -ri o ii 1 n i t ~~- t j  s s t r u c t u r a l  m echan i c s , f l ight dynamics .
atmos phe m c  po llu t: o n . an d hig h-power  gas lasers .

C h , ’ , s a i s t r v  an d Ph y s i c s  Lab o r a t o ry :  Atmosp heric reac t ions  and atmos-
ti 1- C r .  c r - : , t i  s . n hemi cal ri -ac t i ons  In pol luted at mosp he res , chemica l  r e a c t i o n s
0: i 5  i t i - t a p i - n-s in r o n  he r p lu m e s. r hemic a l  th e r r oodv na r t , i cs , p lasma and
la n - e r - i nduce d  r i - - i - t o i n s . l a s e r  c h n - m i s t  ry .  propuls ion ~h -m i s t r y .  space vacuum
ar id ra d ia t ion  e t ! -  t -  on m a t e r i a l s , lubr ica t ion and su r face  phe n o m e n a, photo-
s e n s i t i v e  r u , n t i - r -al s and s e n s o r s , hi gh p rec i s i on  laser  ranging,  and the app li -

n i n: if nhvs i n - and -hem : s i r e  t in pr o blems of law enforcement  and b iomedic ine .

E1i - n t r o : n : n l t i - s r ’ a r ch a l n n i r a t n i r v :  i - : l e c t r on i agn e r i c  theor y ,  dev i ces , and
p r - ! n a g a t  - rn p i : - rn r i n e l : a . in n i nnd i ng  plas mo n i - l i - - t r ri: agn - t i c s ;  quantum e l e c t r o n i c s .
l a s e r s , and  ‘ l e -  t r i - o p t i n s  comonun icat io n s c i e n c e s , app lied e lec t ron ics , sem i-
c isrt du : t n ng.  s :np ’ r e o n d u c t t n g .  and c r y s t a l d r - i n n - ,- ph y s i c s , opt ica l  and acous t i ca l

‘ i : n ro ng ;  at , rnnisp - i’ mnc pollution; mil l imeter wave and f a r - i n f r a r e d  technology.

M a t e r i a l s  :~~ ‘ f l e es  I .a hn , rat na rv :  Des- e lo pment of n. - sn mater ia ls ;  metal
m a t r i x  c nn i : p . is i t es  an d nt-u - tor ms r i f ca r t , o n ;  t e s t  and e - - a iuat i  on of grap hite
and n e  r~n i a : i n  in r e e n t r y :  spar e r - ra ft ma te r i a l s  and ete  t rum: components in
n:, i - a r  a , -a f l nns end rn ,n me nt : appl ic at ion of f r a c t u r e  mechanics  to S t r e s s  cor-
m a i m m u  : , i t j g t n i ’ _ i n d u ce d f r n n  t o r i - s  in s t ruc tu ra l  m e t a l s .

St:~r c i ’  Sc i i -n c es La boratory :  Atmosp heric and ionosp her ic phy s i c s , ra dia-
tion ir . i in t he n t o m osp h e r - . iin- ns i ty  and com posi t ion of ti ’ e atm osp here . aurorae
ro i l  n r g i n m u s  r i m a g n e t n i s p he r ic  n h v s i c s , c o s n a i n  r a y s , gene ra t i on  and propagation

of o l i n -  i n ,  -a as -s In - i -  n i ag net os p h , ’ r i - ;  so la r  p hv sm Cs , stu d ies  of solar magnet ic
- s t i r - , -  n a !  r In n::: . x - r a y  as t r onomy ;  t he i - f l e e t s  - f  nuclear explosions ,

- i~~~~ i - at  - r n  ~~, nd a m l , n  r in I “ i t y  mn the i - a  r i b ’ s a tmos phere . ionos pheru . and
(t  mc r i - t m s t m n - , -  r,- - t he i t  i t s  - i t  o pt , m- a i , e ier -t roma g n et ic . and par t icu late rad ia—

In - - : - i - ,’ - r  s p i r i t -  s v s t , - l n n n 4 .

TltF ; A EROS PA CE CORPORATION
u- _ u Segun do , Ca l i forn ia
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